For 3.3-nm thick gate oxide n-channel metal-oxide-semiconductor field-effect transistors subject to a stress gate voltage of 5.5 V, three distinct events are encountered in the time evolution of the gate current: stress-induced leakage current ͑SILC͒, soft breakdown ͑SBD͒, and hard breakdown ͑HBD͒. The localization of SBD and HBD paths, as well as their developments with the time, is determined electrically, showing random distribution in nature. At several stress times, we interrupt the stressing to measure the drain current low-frequency noise power S id . As expected, S id follows up the spontaneous changes at the onset of SBD and HBD. The S id spectra measured in fresh and SILC mode are reproduced by a literature model accounting for the carrier number and surface mobility fluctuations in the channel, and, as a result, both preexisting and newly generated trap densities are assessed. The post-SBD S id does originate from current fluctuations in the SBD percolation paths, which can couple indirectly to drain via underlying channel in series, or directly to drain if the SBD path is formed close to drain extension. In particular, a fluctuation in S id itself in the whole SBD duration is observed. This phenomenon is very striking since it indeed evidences the dynamic percolation origin concerning the trapping-detrapping processes in and around the SBD paths. The subsequent HBD duration remarkably features a flat S id , indicating the set-up of a complete conductive path prevailing over the trapping-detrapping processes.
I. INTRODUCTION
Soft breakdown ͑SBD͒, also called B-mode stressinduced leakage current ͑SILC͒ ͑Ref. 1͒ and quasibreakdown, 2 is currently a highly challenging issue in metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒ having ultrathin ͑Ͻ5 nm͒ gate oxides. [1] [2] [3] [4] [5] [6] [7] Current or voltage fluctuations, as described earlier in Refs. 8 and 9, are a primary highlight of the SBD phenomena reported so far. 4, 5, 10, 11 The trapping-detrapping processes in and around certain SBD percolation paths as the origin of the fluctuation mode are well recognized. 4, 5, [8] [9] [10] [11] In particular, the dynamic percolation model 12 advances in-depth understandings. 13 Among many conventional schemes, the low-frequency noise of gate current exhibits the ability of very sensitively detecting the spontaneous changes due to SBD. 5 On the other hand, the drain current low-frequency noise power S id , a measure of the fluctuation of the drain current in the frequency domain, traditionally serves as monitor of the hot carrier robustness and probe of the oxide traps. [14] [15] [16] [17] The associated mechanism is well defined in terms of the carrier number and surface mobility fluctuations and a unified, analytic model is built up. 17 However, no extension to the case of soft breakdown is carried out yet. A coupling theory 5 is recently proposed by relating post-SBD S id to current fluctuations in the SBD percolation paths; however, experimental evidence is lacking and the effect of the SBDpath location is not fully clarified. Very recently, the fundamental differences and similarities between SBD and HBD attract much attention; [18] [19] [20] [21] however, no comparisons on low-frequency noise are performed.
The aim of this study is to explore the merits of S id characterization while undergoing soft breakdown, with which current understandings concerning the origins of SILC, SBD, and HBD can all be substantially improved. First of all, the localized SBD and HBD paths each are determined electrically. This is essential prior to analyzing S id data. Second, the measured S id indeed follows up the spontaneous changes at the onset of SBD and HBD. Third, both preexisting and newly generated trap densities are extracted using pre-SBD S id data. Fourth, the amount of post-SBD S id depends strongly upon the location of the SBD path, confirming the mentioned coupling theory. Fifth, in the whole SBD duration a fluctuation in S id is observed for the first time. This striking phenomenon evidences the so-called dynamic percolation origin. Eventually, a quite flat S id is noticed in the whole HBD duration, significantly different from SBD.
II. EXPERIMENTS
The n-channel MOSFETs under study were fabricated in a 0.18 m process. In this process, the gate oxide was thermally grown in a dilute oxygen ambient, and the polysilicon a͒ Electronic mail: mjchen@rpl.ee.nctu.edu.tw gate was arsenic implanted at 50 keV and 2ϫ10 15 cm Ϫ2 , followed by N 2 and O 2 annealing. The gate oxide size drawn was 10ϫ10 m 2 , and the physical oxide thickness was 3.3 nm as determined by a C -V method accounting for polysilicon depletion and quantum mechanical effects. A constant gate voltage of 5.5 V was adopted to stress gate oxide, with source, drain, and substrate tied to ground. The high-field stressing was interrupted several times for characterization of the threshold voltage V th , the transconductance g m , and the low-frequency noise power spectrum of drain current. The bias conditions used were ͑i͒ V D ϭ0.1 V for drain current vs gate voltage characteristics, from which V th and g m were extracted above threshold; and ͑ii͒ V D ϭ0.1 V and V G ϭ1 V for S id in channel inversion. Figure 1 illustrates the measurement set-up, comprising a HP 35665A dynamic signal analyzer, BTA 9603 FET noise analyzer, and HP 4156B semiconductor parameter analyzer. The measurement frequency ranged from 1 Hz to 1 kHz. Three noise filters were used to eliminate the residual noise in all bias sources. In our work the S id data were the average of the total 20 measurements for each frequency. It was found that S id differs significantly sample by sample.
III. DETAILED RESULTS

A. Sample #1
The evolution of the gate current I G during constant voltage stressing is depicted in Fig. 2 , showing the spontaneous changes as denoted by three critical time points: the time to first SBD T SBD1 ͑Ϸ20 s), the time to secondary SBD T SBD2 ͑Ϸ100 s), and the time to HBD T HBD ͑Ϸ230 s). The gate current following each of the SBD events exhibits fluctuations as partially magnified in Fig. 3 for T SBD1 Ͻt ϽT SBD2 , while relatively few fluctuations were found not only in the SILC duration ͑i.e., 0ϽtϽT SBD1 ) but also in the HBD duration (tϾT HBD ). The current fluctuations in Fig. 3 arise from the trapping-detrapping processes in and around the SBD paths. An analysis of such fluctuations by following the treatments 13 led to the behavior of a non-Gaussian statistical distribution. Also plotted in Fig. 2 are the other terminal currents simultaneously measured, with which the percolation paths can be identified. First of all, the drain current I D is comparable to the source current I S in the first SBD duration, indicating that the first-SBD percolation path is located around midchannel, far from source/drain. As to the secondary SBD, a sudden increase is noticed in I S while I D is almost unchanged. This suggests that the secondary SBD path appear over the source corner. Eventually, a HBD path is formed close to drain extension as reflected by sudden increase in I D and unchanged I S in Fig. 2 for tϾT HBD . The corresponding percolation paths are schematically plotted in Fig. 4 , where the spheres represent the traps generated during the stress. These paths are drawn based on the recent research 21 on the same oxide thickness; the critical trap number per cell n BD is three for SBD path, while in HBD path n BD is four. In the HBD percolation, the traps spans the whole oxide to connect one plate to the other one, while for the SBD path such plate-to-plate connection is incomplete as characterized by the remaining oxide thickness over the localized physically damaged region ͑like the shaded spheres in Fig. 4͒ according to the theory. 2 The above time to breakdown parameters were defined in terms of sudden increase in gate current. This definition is adequate since it was found that after T SBD1 or T SBD2 the poststress gate current vs gate voltage characteristic curves resembled the direct tunneling one of the fresh oxide with thinner thickness, whereas it became Ohmic after T HBD . Figure 5 shows the drain current I D vs gate voltage characteristics monitored at V D ϭ0.1 V for several stress times. These curves seem to shift toward the positive gate voltage direction with increasing stress time until the catastrophic hard breakdown occurs. This proves the fact that part of the tunneling electrons are trapped in the oxide and the trap number increases with the time. It was found that regardless of SBD, both V th and g m degradations showed weak dependencies, in agreement with the citation.
5 Figure 6 shows the measured drain current noise power spectrum for different stress times. A view of this figure reveals that S id in the SILC mode increases, then experiencing orders of magnitude increase at the onset of the SBD, again followed by another order of magnitude increase at the onset of the HBD. The post-S id data in some frequency range may be able to fit the 1/f ␥ relationship with the power exponent ␥ very close to unity; however, significant deviations occur for the remaining frequency range. This indicates the existence of the typical Lorentzian spectrum as validated by the aforementioned nonGaussian distributions deduced from current fluctuations in Fig. 3 . Figure 7 shows the normalization of noise power (ϭS id /I D 2 ) vs the gate current I G at the same bias condition as the noise measurement. This figure is highly valuable since it exhibits a significant correlation with which S id can be adequately traced to gate current. On the other hand, the S id for a certain measurement frequency can readily follow up the spontaneous changes in gate current during the stressing, as together plotted in Fig. 8 . Particularly, two phenomena of concern can be drawn herein. One is the S id fluctuation in the whole SBD duration, looking like a damped sinusoidal waveform. This is the case with high confidence since we have repeated measurements considerably to ensure a smooth and stationary noise spectra. The other is a quite flat S id in the subsequent HBD duration, significantly different from SBD. This is consistent with the set-up of a complete conductive path prevailing over the trapping-detrapping processes. Figure 9 shows the evolution of the gate current under the same stress condition for another sample labeled #2, showing the SBD events followed by HBD. The SBD and HBD paths are located accordingly and the results are depicted in Fig. 10 . It is argued that the first SBD and the final HBD paths are formed near drain due to sudden rise in drain current, whereas the second SBD path is formed close to source due to sudden rise in source current. Figure 11 shows the measured S id for the first SBD and final HBD along with those from the first sample. It can be seen that the first SBD event of the second sample produces S id about two orders of magnitude larger than the first sample.
B. Sample #2
IV. ORIGINS OF S id
A. Carrier number and surface mobility fluctuations
The power exponent ␥ of Ϸ1 for pre-SBD noise data in Fig. 6 indicates that the traps are spatially uniformly distributed within the oxide. The density of the traps responsible, N T in cm Ϫ3 eV Ϫ1 , comprises the pre-existing one N 0 and the newly generated one. Since the latter empirically obeys a power law dependency on the stress time, [22] [23] [24] we get explicitly where K is a constant to be fitted. Under the same situation ͑i.e., uniform distribution for the traps͒, a unified, analytic model 17 dealing with the carrier number and surface mobility fluctuations can be exactly cited,
where q is the electron charge; N is the number of channel carriers per unit area; ␣ is the scattering coefficient; is the carrier mobility; ␥ 0 (ϭ1.29ϫ10 8 cm Ϫ1 ) ͑Ref. 17͒ is the attenuation coefficient of the electron wave function in the oxide; and W and L are the channel width and length, respectively. We now demonstrate how to extract N 0 and K from fresh and SILC noise data. First of all, the device parameters at tϭ0 as drawn from fresh I -V at V D ϭ0.1 V in Fig. 5 are I D ϭ2.0ϫ10 Ϫ5 A, g m ϭ3.0ϫ10 Ϫ5 S, and V th ϭ0.32 V. and N can be straightforward calculated using the formula, ϭg m L/(C ox ϫV D ϫW) and Nϭ(C ox /q)(V G ϪV th ϪV D ), where C ox is the gate capacitance per unit area. As a result, a fitting to fresh S id data in Fig. 6 produces N 0 ϭ5.0 ϫ10 16 cm Ϫ3 eV Ϫ1 for ␣ϭ2.0ϫ10 Ϫ15 V s. The extracted N 0 respective to used ␣ is reasonable as compared with the reported dependencies. 17 In a similar way, constant K was extracted to be 6.6ϫ10 16 cm Ϫ3 eV Ϫ1 s Ϫ0.5 based on S id data at tϭ10 s.
With known K and N 0 , the drain current noise solely due to the carrier number and surface mobility fluctuations can readily be assessed using Eqs. ͑1͒ and ͑2͒. The amount of the traps increases with the stress until a critical number triggering soft breakdown is encountered. The corresponding traps constitute a percolation path. We assume that outside of the percolation paths, the traps still continue increasing in number with time after SDB events according to Eq. ͑1͒. This is valid in nature since essentially the time to soft breakdown parameters such as T SBD1 and T SBD2 are statistically independent of each other. [18] [19] [20] [21] The calculated drain current noise ͑the input parameters like I D , V th , and g m were all from Fig. 5͒ was found to be negligible respective to SBD data in Fig. 6 . This figures out the origin of post-SBD S id far away from the conventional carrier number and surface mobility fluctuations.
B. Current fluctuations in SBD percolation paths
In view of several supporting evidences, we favor gate current fluctuations ͑see Fig. 3͒ in the localized SBD percolation paths as the origin of the post-SBD drain current noise; that is, current fluctuations can couple from certain SBD paths through the underlying channel in series, thus bringing noise to the drain. The first evidence is a fluctuation mode in S id in Fig. 8 . This phenomenon is possible to elucidate only based on the dynamic percolation model 12, 13 or the dynamic trapping-detrapping processes in and around the SBD percolation paths. Also found in Fig. 8 is the second evidence in terms of a flat S id in HBD duration, which can in turn strengthen the first evidence. This is because if the S id fluctuation were not absent in HBD duration, the dynamic percolation origin would not be suitable in SBD duration.
The first SBD S id differs significantly sample by sample as revealed in Fig. 11 . This can essentially be traced to the different locations of that SBD path, or equivalently to the presence and absence of the underlying channel in series, respectively. This new finding serves as the third evidence. Two plausible interpretations are presented here. First, in sample #1 the first SBD path is farther from drain and, as a result, the underlying channel in series is resistant to the coupling action, effectively lowering the coupling efficiency. The so-called coupling action is that the trapping and detrapping processes can modulate directly or indirectly the underlying channel potential according to the equivalent circuit published elsewhere. 5 The correlation plot in Fig. 7 can serve as a supporting evidence of this theory. Second, the series channel is bypassed in sample #2 since the first SBD path formed is close to the drain extension, making possible the coupling to affect in a direct manner. No such dramatic differences are found in HBD duration, as expected since the percolation paths responsible are all formed close to the drain.
V. SUMMARY
The localized SBD and HBD paths have been located electrically for n-channel MOSFETs undergoing soft breakdown. This enables efficient analyses of S id data. As a result, current understandings concerning the origins of SILC, SBD, and HBD have all been substantially improved. What we have achieved saliently are ͑i͒ the S id indeed follows up the spontaneous changes at the onset of SBD and HBD; ͑ii͒ the S id data in fresh and SILC mode contain information about the preexisting and newly generated trap densities; ͑iii͒ the effect of the SBD-path location is significantly clarified, thus confirming the coupling theory; ͑iv͒ a S id fluctuation in the whole SBD duration evidences the dynamic percolation origin; and ͑v͒ eventually a quite flat S id in the whole HBD duration points out a complete conductive path dominating. 
